We developed a new sample holder for small-angle neutron scattering (SANS) experiments under controlled atmospheres. Using this new sample holder, SANS profiles of conventional hydrogen-absorbing alloy LaNi 5 under a deuterium atmosphere were measured. Changes in the SANS profile of LaNi 5 were clearly observed during absorption and desorption. It was found that there is reversibility in the surface morphology of LaNi 5 ; it changed from being markedly rough (fractal dimension of particle surface D S = 2.8, before deuteration) to smoother (D S = 2.5 at 1.05 D/M, i.e., LaNi 5 D 6.3 ) during absorption (up to 1 MPa), and then reverted to being rough (D S = 2.8) during desorption (under vacuum <5 Pa), where D/M is the deuterium-to-metal ratio.
Introduction
Hydrogen-absorbing alloys are key materials for modern industrial applications; La 2 Ni 7 -based intermetallic alloys are used as cathodes in Ni/metal-hydride batteries, and Ti-Cr-Vbased solid-solution alloys are promising candidates for application in high-pressure metal-hydride tanks in fuel-cell vehicles.
13) The hydrogenation properties are characterized by the hydrogen storage capacities (i.e., hydrogen-to-metal ratio, H/M), residual hydrogen contents, rates of hydrogen absorption and desorption, and reliabilities of such alloys. For further improvement of the hydrogenation properties, it is very important to understand the morphology of the surface of alloy particles, in addition to the crystal structures and the hydrogen absorption-desorption cycles.
LaNi 5 , which has a hexagonal crystal system (space group: P6/mmm), is one of the most popular hydrogen-absorbing alloys. The P(pressure)C(composition) isotherm for LaNi 5 shows that the absorption pressure drastically decreases for the first absorption-desorption cycle and then remains stable during further absorption-desorption cycles. 4) The morphology of the surface of LaNi 5 has previously been studied by transmission electron microscopy (TEM). 47) In TEM images, numerous dislocations are observed in LaNi 5 after the first hydrogenation. Additionally, X-ray diffraction (XRD) for LaNi 5 after the first hydrogenation demonstrates anisotropic peak broadening (i.e., lattice strain).
8) The XRD patterns for further absorption-desorption cycles are almost the same as that for the first hydrogenation, with the expectation that there is reversibility in the surface morphology of LaNi 5 particles with the numerous dislocations during the absorption-desorption cycles. However, there is insufficient information on the surfaces of LaNi 5 particles under a hydrogen atmosphere. Small-angle neutron scattering (SANS) has attracted much attention as a powerful tool for observing the particle surfaces of materials. The fractal dimension of the particle surface, D S , can be extracted from the slope of a SANS profile, I(q), in the Porod region, that is,
where q is the magnitude of a scattering vector (= 4³ sin ª/, where ª is half of the scattering angle, 2ª, and is the neutron wavelength). 9) It is a smooth surface as D S is close to 2, whereas a rough surface as D S is close to 3. SANS technique is surely applicable to hydrogen-absorbing alloys, although almost all of them (e.g., LaNi 5 ) require a controlled hydrogen atmosphere during SANS experiments to prevent hydrogen desorption.
The aim of this study is to clarify the changes in the morphology of the surface of LaNi 5 particles under a hydrogen atmosphere. In our SANS experiments, however, we used deuterium (D) instead of light hydrogen (H) to suppress the background level in SANS data due to the large incoherent scattering, · inc , from H. Because the incoherent scattering cross-section of the D nucleus (· inc (D) = 2.0 b, where a barn (units of b) is defined as 10 ¹28 m 2 ) is considerably lower than that of the H nucleus (· inc (H) = 80.2 b), using D enables us to clearly observe SANS profiles, even in the high-q region. Furthermore, we developed a new sample holder for SANS experiments under controlled atmospheres (controlled atmosphere sample (CAS) holder, hereafter). The P-C isotherm for LaNi 5 under a deuterium atmosphere and XRD data for LaNi 5 before deuteration and after deuteration were also collected.
Experimental Procedure
Prior to the SANS experiments for LaNi 5 under a deuterium atmosphere, the P(pressure)C(composition) isotherm for LaNi 5 were measured under a deuterium atmosphere. A LaNi 5 ingot, which was synthesized by Ar-arcmelting a mixture consisting of La (99.9%, Furuuchi Chem.) and Ni (99.9%, Furuuchi Chem.) in appropriate molar proportions, was crushed into a powder; then, the LaNi 5 powder sample was sealed in a cylindrical stainless-steel container and was subsequently kept at 413 K under vacuum for 1 h. After the sample was activated with high-purity D 2 gas (99.995%), the PC isotherm for activated LaNi 5 was measured using Sieverts' method at RT (³298 K) during the absorption-desorption cycle. The crystal structures of LaNi 5 before deuteration (i.e., no activation) and after deuteration were characterized using XRD with Cu-K¡ radiation (SmartLab, Rigaku). The XRD data were measured in air at RT and analyzed with a Rietveldrefinement program, RIETANFP. 10) As shown in Fig. 1 , the CAS holder was composed of a rectangular parallelepiped stainless-steel body (SS304, 25 mm © 25 mm © 55 mm), a stainless-steel flange (SS304, 25 mm © 25 mm), and two 3-mm-thick, 20-mm-diameter disk-shaped quartz windows. A 1-mm-diameter indium wire was used between the stainless-steel body and the quartz window (side wall), and an O-ring was used between the stainless-steel body and the stainless-steel flange (upper part) to seal the CAS holder. Additionally, the CAS holder was equipped with an inlet and outlet gas pipeline (SS304, 6.35 mm (0.25 in) in diameter), a stainless-steel in-line filter (< 0.5 µm, Swagelok μ ), high-pressure diaphragm valves (Swagelok μ ), and a pressure gauge for constantly monitoring the gas pressure. A 0.5-mm-thick cadmium plate was used as a neutron-shielding material and was placed on the front wall to redirect the incident neutron beam to reduce the intensity of the background signals during SANS.
SANS experiments for LaNi 5 under a deuterium atmosphere were performed using a SANS spectrometer installed at the CN-2 beam line of the Research Reactor Institute, Kyoto University (KUR-SANS).
11) LaNi 5 powder was placed in a commercial quartz cell (10 mm © 45 mm © 2 mm). The sample was 2-mm thick along the direction of the incident neutron beam. The quartz cell containing the LaNi 5 powder was subsequently put into the CAS holder and was kept at ³393 K for 9 h under vacuum (<5 Pa). After the sample was activated twice with high-purity D 2 gas (99.995%), SANS data were measured at RT (³299 K) for at the sample position. The neutron wavelength, , which was monochromatized using a double-reflection Ni-Ti multilayer monochromator, 12) was 0.46 nm (long-wavelength mode). Scattered neutrons were detected using a two-dimensional position-sensitive 3 He gas detector installed at a small-angle scattering bank, and I(q) profiles were collected in the q range 0.161.6 nm ¹1 . The XRD patterns for LaNi 5 before deuteration (i.e., no activation) and after deuteration are shown in Figs. 3(a) and  3(b) , respectively. The XRD data for LaNi 5 after deuteration were collected immediately after the SANS experiments for LaNi 5 under a deuterium atmosphere. In Rietveld analyses, the atomic positions La(1) ð0; 0; 0Þ, Ni(1) ð1=3; 2=3; 0Þ, and Ni(2) ð1=2; 0; 1=2Þ were used to refine the crystal structures on the basis of the P6/mmm space group. The lattice parameters of LaNi 5 before deuteration were determined to be a = 0.50177(4) nm and c = 0.39816(2) nm (R wp = 7.95% and S = 2.18), and those of LaNi 5 after deuteration were determined to be a = 0.5012(2) nm and c = 0.3988(1) nm (R wp = 9.96% and S = 2.76), where R wp is the R-factor and S is the goodness-of-fit. The lattice parameters did not significantly change, although the (hk0) Bragg reflections of LaNi 5 after the deuteration were somewhat broad. Such an anisotropic peak broadening in XRD patterns due to the numerous hydrogenation-induced dislocations has also been reported in the literature. 8 ) Figure 4 exhibits the SANS data for the CAS holder and LaNi 5 before deuteration. Note that q is defined on a logarithmic scale, whereas the SANS intensities are defined on a linear scale. The SANS intensities for the CAS holder were significantly weaker than those for LaNi 5 before deuteration in the low-q region. Furthermore, the obtained transmission rates for the neutron beams were 83% and 73% for the CAS holder and LaNi 5 before deuteration, respectively. It is sufficient to say that the CAS holder does not significantly affect the SANS intensities for the LaNi 5 .
Results and Discussion
Next, activated LaNi 5 was deuterated at 1 MPa in the CAS holder; D/M was estimated to be 1.05 (i.e., LaNi 5 D 6.3 ), taking into account the deuterium storage capacity obtained from the pressure gauge in the CAS holder, which was in good agreement with that for the PC isotherm (see Fig. 2 ). Figure 5 shows the SANS profiles, I(q), for Furthermore, a scattering due to the formation of nanostructure after deuterium absorption appeared in the q range between ³0.6 to ³1.6 nm ¹1 for LaNi 5 D 6.3 , which completely disappeared in I(q) for LaNi 5 . This result suggests that the observed change in I(q) is strongly associated with the density fluctuations of deuterium. Additionally, we compared I(q) for LaNi 5 during desorption with that for LaNi 5 before deuteration (i.e., no activation). As shown in Fig. 6 , I(q) for LaNi 5 during desorption was consistent with that for LaNi 5 before deuteration, of which D S was estimated to be 2.8 (k = 3.2) in the q range 0.171.45 nm
¹1
. The anisotropic strain remained in the lattice after deuteration (see Fig. 3 ), although there was reversibility in the surface morphology of LaNi 5 particles, even in the first deuteration. Here, we point out that the surface morphology of LaNi 5 changed from being significantly rough (D S = 2.8, before deuteration, that is, no activation) to smoother (D S = 2.5 at 1.05 D/M, i.e., LaNi 5 D 6.3 ) during absorption and reverted to being rough (D S = 2.8) during desorption, regardless of the anisotropic strain in the lattice due to numerous deuteration-induced dislocations. In fact, such reversibility in the surface morphology during absorption-desorption cycles has also been observed in SANS experiments on Ti 0.31 Cr 0.33 V 0.36 alloy. 13) Further SANS investigations are now in progress to clarify the relationship between the surface morphology and the anisotropic strain in the lattice due to the numerous deuteration-induced dislocations.
Conclusions
We developed a new sample holder for SANS experiments under controlled atmospheres. Using this new sample holder, SANS profiles of conventional hydrogen-absorbing alloy LaNi 5 under a deuterium atmosphere were measured. Additionally, PC isotherms for activated LaNi 5 were measured under a deuterium atmosphere, and the crystal structures of LaNi 5 before deuteration (i.e., no activation) and after deuteration were characterized by Rietveld analyses with XRD data. The surface morphology of LaNi 5 changed from being significantly rough (D S = 2.8, before deuteration, that is, no activation) to smoother (D S = 2.5 at 1.05 D/M, i.e., LaNi 5 D 6.3 ) during absorption and reverted to being rough (D S = 2.8) during desorption (under vacuum <5 Pa). Such reversibility in the surface morphology of LaNi 5 during absorption-desorption cycles was observed despite the introduction of deuteration-induced anisotropic strain in the lattice of LaNi 5 observed in the XRD experiments. Furthermore, a scattering due to the formation of nanostructure after deuterium absorption appeared in the q range between ³0.6 to ³1.6 nm ¹1 for LaNi 5 D 6.3 during absorption, which completely disappeared during desorption. The result suggests that the scattering in I(q) for LaNi 5 D 6.3 is strongly associated with the density fluctuations of deuterium. 
